A form of associative plasticity in Aplysia, activity-dependent neuromodulation, involves the convergence ofneuronal activity and the effects ofa modulatory tansmitter.
plasticity, we examined the effects of a biochemical anlgue of activity-dependent neuromodulation on the level of incorporation oflabeled amino acid into proteins. To mimic assoiative training, abdominal ganglia were exposed to paired treatments of a depolarizing agent, elevated potassium, and a modulatory transmitter, serotonin. The effects of elevated potassium and serotonin applied alone were also exmined. At least two proteins (nos. 9 and 17) were affected in a nonadditive way by the paired procedure. Incorporation of label into protein 9 was increased by the paired procedure but was not affected by either elevated potassium or serotonin. Incorporation of label into protein 17 was sificantly affected by elevated potassium or serotonin, but the effect of the paired procedure was signfeantly less than the summed effects ofelevated potassium and serotonin applied alone. These results indicate that changes in protein synthesis may be important in the induction of associative plasticities. Amino acid sequences of two peptides derived from protein 9 were obtained. Then, a partial cDNA clone for protein 9 was obtained by performing PCR with degenerate primers corresponding to portions of the sequences of the two jeptides. The sequence of protein 9 is related to sequences prewiously reported for a family of genes comprising the strinnt starvation protein of Escherichia coli, auxininduced proteins of plants, and glutathione S-transferases of a number of organisms.
A cellular analogue of classical conditioning produces an enhancement of the connections between sensory neurons and motor neurons in Aplysia (1, 2) . Sensory-motor synaptic transmission involved in the tail and siphon withdrawal reflexes of Aplysia is enhanced by pairing spike activity in a sensory neuron (conditioned stimulus) with electrical stimulation of the tail or peripheral nerves (unconditioned stimulus). This type of associative plasticity, called activitydependent neuromodulation, has been observed in a shortterm form lasting minutes (1, 2) and a long-term form lasting 24 hr (3). This short-term associative plasticity in Aplysia is believed to involve the convergent action of two second messengers, Ca2+ and cAMP (4) (5) (6) (7) (8) . Convergent actions of two second-messenger pathways may also produce the longterm form of the associative plasticity by modifying transcription and protein synthesis. Although the importance of transcription and protein synthesis in some forms of nonassociative plasticity have been well established, their importance in associative plasticity is just beginning to be determined (ref. 49 ; for review, see refs. [8] [9] [10] [11] [12] [13] [14] .
In the present study we examined whether an analogue of activity-dependent neuromodulation induced changes in protein synthesis in cells of Aplysia abdominal ganglia. The analogue consisted of exposure of abdominal ganglia to paired treatments of (i) high K+ and (ii) serotonin (5-hydroxytryptamine, 5-HT). Depolarization by high K+ was used to mimic spike activity. 5 2 hr, with the two treatments overlapping during the last 0.5 hr ofthe high K+ treatment and the first 0.5 hr of the 5-HT treatment; or (iv) no treatment. Elevation of the K+ concentration in the medium is a well-established method for producing membrane depolarization of molluscan neurons (6, (17) (18) (19) (20) (21) . Two hours of training or 5 uM 5-HT are commonly used to elicit long-term plasticity in Aplysia (22) (23) (24) (25) (26) . The four chambers were thoroughly washed with BFSW at the end of each treatment. The ganglia were metabolically labeled with §To whom reprint requests should be addressed. 4150 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. treatments corresponding to the projected end of the 5-HT treatment (see Fig. 1 ).
The ganglia were homogenized on ice and their proteins were separated by two-dimensional PAGE as described by Eskin et al. (27) . In this procedure, minigels (Idea Scientific, Corvallis, OR) were used in the second dimension. Equal amounts of trichloroacetic acid-precipitable radioactivity were loaded on the gels. To reduce variations, the four experimental and control samples of an experiment were always run on the same batch of isoelectric focusing and SDS/polyacrylamide gels and then exposed to film at the same time. Gels were exposed to films for different times to ensure that fluorographs were not saturated for certain proteins.
The results of each experiment were determined by comparing the treated group with an untreated control group run in the same experiment. The effects of treatments on incorporation of amino acid into specific proteins were first analyzed visually. Densities of experimental proteins on two-dimensional gels werejudged as increased, decreased, or not changed relative to the same protein from the control gel. Twenty-four proteins that appeared to be affected by at least one of the experimental treatments were selected for further analysis. As a second step, optical densities (ODs) of the selected proteins were determined by computerized image analysis (DNA Proscan, Nashville, TN). To normalize the ODs for any discrepancies in the amount of radioactivity loaded on the gels, a percent OD was calculated for each selected protein by dividing the OD of the selected protein by the summed ODs of 5 proteins that were unaffected by the treatment. An example of percent ODs ± SEM (n = 13) for protein 9 is as follows: 7.73 ± 1.93% (5-HT alone), 8 (28) . A Wilcoxon test was also used to determine whether the effect of the paired procedure was significantly different from the sum of the effects of the individual treatments applied alone.
To obtain amino acid sequences of proteins affected by paired treatments, proteins ofinterest were first purified with preparative two-dimensional gels. Protein purification, digestion with Staphylococcus aureus V8 protease, and peptide sequencing were carried out as described (29) (32) .
To obtain a partial cDNA clone for protein 9 , poly(A)+ mRNA was first isolated from Aplysia abdominal and head ganglia. Total RNA was obtained by homogenization of ganglia in a phenol/SDS mixture at 650C, followed by two extractions with phenol/chloroform, 1:1 (vol/vol), and then precipitation with 70o ethanol in 0.1 M NaCl. The ethanol precipitate was reconstituted in water and precipitated with 2 M sodium acetate (pH 6.0). Poly(A)+ RNA was isolated from total RNA on an oligo(dT) column (33) . cDNA was then synthesized from 7 ,g of RNA by using a cDNA synthesis kit (United States Biochemical) with random hexamers as primers. Degenerate primers containing deoxyinosine (Genosys, The Woodlands, TX) and corresponding to regions of the two peptides obtained from protein 9 were then designed and synthesized (see Fig. 3 ).
PCRs were performed (Perkin-Elmer/Cetus kit) on The PCR fragment of interest was cloned into a vector with the TA cloning system (Invitrogen). Plasmid preparations were performed on 10 colonies with Magic Minipreps (Promega). Insert-containing clones were identified by cleavage with EcoRI restriction endonuclease (1 unit/100 ng of DNA). The sequence of the 180-bp insert was verified by dideoxy sequencing (United States Biochemical Sequenase kit); the sequencing reaction products were run on a SequiGen apparatus (Bio-Rad).
RESULTS
In each experiment, groups of three abdominal ganglia were exposed to high K+, 5-HT, paired application of high K+ and 5-HT, or no treatment (Fig. 1) . Thirteen independent experiments with 12 animals per experiment were performed. Visual analysis of the gels from these experiments yielded 24 proteins that appeared to be affected by at least one of the experimental treatments. This group of 24 proteins was examined statistically for proteins affected by one of the treatments. One protein, no. 9, was significantly increased by the paired procedure but not by high K+ or 5-HT applied alone (Wilcoxon test). To determine whether the results of the paired application of high K+ and 5-HT could be explained by addition ofthe effects ofhigh K+ and 5-HT applied alone, the effects on protein synthesis produced by paired high K+ and 5-HT were compared statistically with a summation of the changes produced by high K+ and 5-HT applied alone (Wilcoxon test). For protein 9, the effect of paired application of high K+ and 5-HT was significantly greater than the summed results of high K+ and 5-HT applied alone ( Fig. 2A) . We did observe some cases-e.g., protein 5-in which the effect ofthe paired application ofhigh K+ and 5-HT did not differ significantly from the summed results of high K+ and 5-HT applied alone (Fig. 2B) .
Another interesting nonadditive type of effect of the paired treatment was observed. For example, protein 17 was significantly affected by high K+ and 5-HT applied alone. However, the effects of paired high K+ and 5-HT were significantly less than the summed effects of high K+ and 5-HT applied alone (Fig. 2C ).
More precise study of the role of these proteins in memory formation requires identification of the proteins and determination of their cellular function. To do this, we initiated experiments to obtain a partial amino acid sequence of protein 9. Protein 9 was purified from abdominal and pleuralpedal ganglia by preparative two-dimensional PAGE. Spots of protein 9 were removed from the gels and digested with cyanogen bromide or with S. aureus V8 protease. The peptides were then separated in one-dimensional SDS/ polyacrylamide gels, blotted onto poly(vinylidene difluoride) membranes, and stained with Coomassie brilliant blue. A sequence of 36 aa was obtained by cyanogen bromide digestion and another non-overlapping sequence of 37 aa was obtained by V8 protease digestion (Fig. 3A) . Proteins 9 and 17 were affected in a nonadditive fashion by the paired application of high K+ and 5-HT (see Fig. 2 A and C). The effect of the paired application ofhigh K+ and 5-HT on protein S did not differ from the summed effects of high K+ and 5-HT applied alone (see Fig.  2B ).
To align the two peptides from protein 9 and obtain additional sequence, degenerate primers with deoxyinosines at the points of highest degeneracy were synthesized corresponding to the two peptides and used to amplify cDNA synthesized from poly(A)+ mRNA from Aplysia ganglia. A band of %180 bases was obtained and purified from a polyacrylamide gel. After cloning and sequencing, this band was shown to contain sequences that corresponded to the targeted regions of the two peptides. In addition, a sequence of 19 aanbetween the two peptides was obtained. Therefore, a combined sequence of92 aa was obtained from protein 9 (Fig.  3A) .
The BLAST program (32) was used to compare the 92-aa Aplysia peptide to sequences of known proteins (search was performed on November 20, 1993). This long peptide was found to have 34% identity over an 88-aa region to the SSP ofE. coli (34) , 43% identity over a 59-aa region to a GST from D. caryophyllus (35) , and 40%o identity over a 46-aa region to an AIP from N. tabacum (36) (Fig. 3A) . The similarities between protein 9 and SSP, GST, and AIP are highly significant because the probabilities to obtain such matches by chance are extremely low (Fig. 3B ). In addition, the SSPs and GSTs are related (37) . An AIP from Nicotiana plumbaginifolia that is very similar to the AIP mentioned above also has significant similarity to the SSP and GST families (38) . Finally, the sequence ofour peptide from protein 9 was found to have significant similarity to a cosmid encoding a Caenorhabditis elegans protein of unidentified function (39) . DISCUSSION Our finding that paired stimulation produced nonadditive effects on the incorporation of label into proteins suggests that translation, and perhaps transcription as well, may be involved in generating some forms of associative plasticity. Similar conclusions emerged from experiments on PC12 rat pheochromocytoma cells, a neuronal cell line in which cAMP and Ca2+ appear to interact in a nonadditive or synergistic fashion in the regulation of transcription (40, 41) . Nonadditive effects of stimuli imply convergence ofthe inputs at some level of the signaling pathway. In our case, the inputs must converge upon some molecular event of the information processing pathways. sia. It will be important to determine whether the types of pairing specific changes we observed depend on a particular temporal relationship of the two stimuli. Also, it will be important to investigate whether the types of changes we observed occur in neurons known to be responsible for specific types of learning. Protein 9 has not been identified in previous studies examining learning-related changes in proteins in Aplysia (13, 22, 25, 27, 29, 31, 45, 46) . This is not surprising, however, since those studies examined effects of analogues of nonassociative learning on proteins. Finally, the cellular functions of proteins 9 and 17 need to be determined.
The 92-aa sequence obtained from protein 9 by microsequencing and PCR represents about one-third of the total protein, since protein 9 is about 31 kDa. This derived amino acid sequence had significant similarity to the SSP from E. coli, GSTs from a number of organisms, and an AIP from a Aplysia Peptide (32) . P values are probabilities that matches as good or better than those found would occur by chance. -.
(,.I protetill Q plant. The E. coli SSP may interact with RNA polymerase to regulate its function (47) . An AIP with similarity to the E. coli SSP has been found in N. plumbaginifolia (38) . This plant protein may also have a regulatory effect on transcription. It was proposed that the family of genes coding for this family of plant proteins be called multiple-stimulus response genes (38) . GSTs comprise a large family of proteins which are involved in cell protective mechanisms (for review, see ref. 48 ). Although protein 9 had significant similarity to an SSP, an AIP, and a GST, the function of protein 9 in Aplysia remains to be determined. Our results suggest that protein 9 may have a specific regulatory role in events associated with coincident input signals. Further study ofprotein 9 may allow us to determine how paired treatments alter protein synthesis and how protein synthesis is involved in the induction of associative forms of memory.
